Objective: To investigate the use of a topical oxygen emulsion (TOE), consisting of a supersaturated oxygen suspension using perfluorocarbon components, on second-degree burns and partial-thickness wounds.
A
CONSTANT AND ADEQUATE oxygen supply is important for cell and tissue homeostasis. It is well documented that oxygen can play a key role in energy production, cell membrane maintenance, mitochondrial function, and cellular repair. Physical injury to skin can compromise the arterial, venous, or capillary systems of tissue, which in turn may cause hypoxia and ischemia.
The tissue repair process requires an increased metabolic activity of a variety of cells, resulting in a high oxygen demand. 1, 2 Recent research has demonstrated that increasedoxygentensioninawoundpromotes wound healing by stimulating several processes, including phagocytosis (engulfing of microorganisms, cells, or debris by macrophages or neutrophils), 3 degradation of necrotic wound tissue, 4 collagen production, [5] [6] [7] neovascularization, 8, 9 and neutrophil-mediated oxidative microbial killing. 10 Many different treatment modalities have been attempted to increase local oxygen supply to wounds to accelerate repair. One potentially successful method is hyperbaric oxygen (HBO) therapy, which is somewhat controversial because studies have shown positive and neutral effects. Clinical research [11] [12] [13] [14] [15] [16] has demonstrated that HBO therapy accelerates reepithelialization of chronic leg ulcers. Although HBO therapy can be effectively applied to treat wounds, especially in hypoxic tissues, HBO is not always practical or readily available, and can be relatively costly.
After treatment with HBO therapy, fibroblasts, an essential component of skin repair, show a dose-dependent increase in cellular proliferation. Fibroblasts cannot synthesize collagen in the absence of molecular oxygen, which is required for the hydroxylation of proline and lysine residues in the nascent procollagen molecule. 17 Hyperbaric oxygen therapy depends on the lungs to increase the oxygen tension in the blood, which is then transported systemically throughout the body and finally to the wound.
Topical application of gaseous oxygen, at normal or elevated partial pressures, to skin wounds and ischemic lesions has been attempted; however, as a gas, oxygen has limited ability to penetrate the skin. On exposure to atmospheric pressures, oxygen microbubbles nucleate, coalesce, and effervesce from the topical preparation, thereby reducing the oxygen content to ambient levels. Peroxidecontaining formulations have been developed, some of which are available commercially. These formulations can provide small quantities of oxygen to tissues by either spontaneous breakdown or enzymatic breakdown following tissue contact. Peroxide formulations are mildly bactericidal and are used primarily to remove dirt and debris from acute traumatic lesions. Unfortunately, peroxides are irritating to raw tissue, have limited capacity to support metabolic oxygen requirements, and are believed to delay wound healing, thus limiting their use as wound-promoting agents.
The ideal topical oxygen agent would provide sufficient quantities of oxygen to a wound several hours after application and be nontoxic to the skin to accelerate local tissue repair. TherOx Inc has developed a technique by which an emulsion-containing supersaturated oxygen can be delivered topically to a wound, where it can slowly release additional oxygen over time. This technology is based on perfluorocarbon droplets being encapsulated within an aqueous continuous phase. The oxygen solubility of the perfluorocarbon is relatively high (approximately 20 times greater than water); therefore, it has a high oxygencarrying capacity. Oxygen is dissolved into the perfluorocarbon emulsion and stored under pressure in a small dispensing bottle. By maintaining pressure on the emulsion, dissolution and outgassing are prevented during storage and the maximum oxygen concentration is delivered on dispensation. The topical cream is formulated with biocompatible emulsifying agents to ensure adequate stability of the dispersed perfluorocarbon droplets. Before dispensation, the dissolved oxygen concentration contained in the topical emulsion is approximately 2.0 mL of oxygen (standard temperature and pressure) per milliliter of emulsion.
Herein, we report the use of a novel topical oxygen emulsion (TOE) that promoted wound healing of seconddegree burns and partial-thickness wounds.
METHODS

EXPERIMENTAL ANIMALS
Pigs were used as our experimental animal because they have skin that is anatomically and physiologically similar to humans and are considered an excellent tool for the evaluation of therapeutic agents. There is a strong correlation between pig and human wound-healing studies. 18 Sixteen pigs were used for these studies (8 for partial-thickness wounds and 8 for second-degree burns) using well-defined porcine models. [19] [20] [21] [22] [23] [24] The animal protocol used for this study was approved by the University of Miami Institutional Animal Care and Use Committee. Animals were monitored daily, and to help minimize possible discomfort, an analgesic, buprenorphine, 0.03 mg/kg, was given to each animal the first day while under anesthesia and a transdermal agent (fentanyl [Duragesic]), 25 µg/h, was used during the entire experiment.
WOUNDING TECHNIQUE
Three grids were outlined on the dorsum and flanks of each pig. For the partial-thickness wounds, the injuries (0.7ϫ10.0ϫ0.3 mm) were made with an electrokeratome . A total of 120 partial-thickness wounds were created on each pig.
The burn wounds were made using the following method. Five specially designed cylindrical brass rods weighing 358 g each were heated in a boiling water bath to 100°C. A rod was removed from the water bath and wiped dry before it was applied to the skin surface to prevent water droplets from creating a steam burn on the skin. The brass rod was held at a vertical position on the skin (6 seconds), with all pressure supplied by gravity, to make a burn wound 8.5 mm in diameter by 0.8 mm deep. Again, 120 burn wounds were made on the anterior two-thirds of the animal. Burn wounds and partial-thickness wounds were randomly assigned to 1 of the following treatment groups according to the following experimental design.
TREATMENTS AND EXPERIMENTAL DESIGN
Treatments (active TOE containing oxygen, vehicle without oxygen, or untreated air exposed) were randomly assigned to the wounds. The treatments were given to the investigators in a blinded fashion (pressurized containers labeled A and B). Wounds were treated twice daily for the first 5 days and once thereafter until all wounds were 100% completely reepithelialized. Treatments were covered with a secondary dressing (Release nonadherent gauze) and secured in place with Coban self-wrapping bandages. The experimental design for both the partial-thickness study and the second-degree burn study included 8 animals, with 120 wounds per animal (for a total of 960 wounds), 40 wounds per treatment group.
EPIDERMAL MIGRATION ASSESSMENT
The partial-thickness wounds were assessed on days 3 to 9 after wounding (day 0), and the second-degree burns were assessed on days 7 to 14 after burning. Beginning on the first assessment day and on each day thereafter until all wounds were 100% reepithelialized, 5 wounds and surrounding normal skin from each treatment group were excised using a standard-width (22 mm) electrokeratome blade set at a depth of 0.5 mm. Specimens that were not excised intact were discarded. Excised skin containing the wound site was incubated in 0.5M sodium bromide at 37°C for 24 hours, allowing for a separation of the dermis from the epidermis 25 ( Figure 1) . After the separation, the epidermal sheet was examined macroscopically for defects. Defects were defined as holes in the epidermal sheet in the area of the wound. Reepithelialization is considered complete if no defects were present; any defect in the wound area indicates that healing was incomplete, and if no defects were seen, the wound is considered 
STATISTICAL ANALYSES
After the study is completed, the number of wounds healed (completely epithelialized) will be divided by the total number of wounds sampled per day and multiplied by 100. The percentage of wounds will be plotted against days after wounding. Analysis by 2 4-fold tables was performed on the combined data to determine any treatment response.
RESULTS
For the partial-thickness wound study, the wound that received the TOE had a significantly enhanced rate of epithelialization compared with the vehicle and untreated air-exposed wounds (on days 4, 5, and 6). In the seconddegree burn study, the TOE also had a significantly enhanced rate of epithelialization compared with vehicle and untreated burn control wounds (on days 7, 8, and 9 after the burn) ( Table 1 and Table 2 ). The vehicle also showed a significant increase in epithelialization when compared with untreated control wounds (for partialthickness wounds, on days 5, 6, and 7; and for seconddegree burn wounds, on days 10, 11, and 12).
COMMENT
Following tissue injury, several wound repair mechanisms are sequentially activated. These activities are grouped into the 3 overlapping phases of wound healing: inflammation, proliferation, and remodeling. All physiologically active processes involved in these phases are in need of an adequate supply of oxygen.
After the initial trauma, there is vascular damage followed by hemostatic mechanisms to prevent blood loss. Coagulation and vasoconstriction are physiologic mechanisms of hemostasis in the wound. Oxygen delivery via the vasculature to the wound at this stage is compromised. The oxygen supply is limited, and delivery to the wound is dependent on diffusion from the surrounding tissue and atmosphere. In normal wound healing, the decrease in oxygen supply is transient. Schweiki et al 26 demonstrated in vitro that hypoxia leads to an increase in translation of vascular endothelial growth factor. This increase in vascular endothelial growth factor stimulates angiogenesis, resulting in the reestablishment of the vascular network in the wound bed. 27 Interestingly, for the endothelium to be maximally responsive to vascular endothelial growth factor, it must first sense hypoxia. 26 Hypoxic environments also increase collagen production by fibroblasts and promote fibroblast proliferation. 28 These cellular processes (angiogenesis, collagen production, and cell proliferation) are part of normal tissue and cellular adaptation when their normal environment changes. For normal wound healing, the initial hypoxic environment may promote the healing process; however, long-term hypoxia impedes wound healing, and oxygen delivery would be beneficial.
Over time, the result of an increase in oxygen demand by leukocytes and fibroblasts and a reduced oxygen supply in a wound leads to anaerobic metabolism. Extended anaerobic metabolism leads to an increase in metabolites and a lack of energy production. Inadequate cell energy levels impair protein production and cell homeostasis. At the same time, vascular compromise and loss of blood flow disable the tissue from eliminating metabolites, such as lactic acid, from the wound. 29 Lactic acid, a byproduct of anaerobic metabolism, accumulates and acidifies the wound environment, which may lead to cell death. Long-term hypoxia and loss of the ability for cells to adapt to hypoxia lead to impaired and pathologic wound healing. Research has focused on increasing oxygen supply to hypoxic and ischemic tissues to promote wound healing.
The administration of external supplemental oxygen may help in the wound healing process by providing ischemic tissue cells with the required oxygen tension needed to survive and proliferate, especially in the situation of extended oxygen limitation. 30 When the new vasculature is well established and oxygen molecules can reach the repairing cells by diffusing throughout the new blood vessels, therapies such as HBO may prove to be effective. In addition to the direct effects of oxygen in wound healing and cellular repair, the role of oxygen in controlling infections has been examined. The open wound bed is a fertile breeding ground for a broad variety of pathogenic microorganisms. Wounds that are well perfused and oxygenated have been shown to be less likely to become infected. 31, 32 Systemic HBO therapies entail the inhalation of 100% oxygen under pressures between 2 and 3 atmospheric pressure. The high pressure, in addition to the high levels of oxygen, considerably increases the dissolved oxygen levels into blood plasma. This therapeutic approach is indicated to treat acute traumatic ischemias, necrotizing fasciitis, irradiated tissues, refractory osteomyelitis, 33 and certain chronic wound conditions. 34 However, as previously mentioned, HBO therapies are effective if the vascular network is functional in the wounded tissues. Hyperbaric oxygen may not be effective on ischemic chronic leg ulcers and superficial burns. In addition to the limited research of these therapies on various types Topical HBO therapy is oxygen delivered at slightly increased atmospheric pressures directly to the surface of the wound. The name HBO therapy implies that pressures used in treatment are greater than 1 atm. Because "topical" HBO therapy is applied at pressures barely over 1 atm, the use of the term topical hyperbaric therapy is not only misleading but a misnomer. One should be wary of any so-called topical hyperbaric therapies that make various healing and/or rejuvenation claims, especially when few or no data are available to support their use. Hyperbaric oxygen is becoming a more accepted treatment modality, especially as an adjunctive therapy, because of the increase in studies showing potential mechanisms of action. Heng et al 35 compared topical HBO therapy with the standard of treatment for necrotic gangrenous wounds that lack blood supply. Forty patients were included in the study, and 90% of patient ulcers that received topical HBO healed compared with 25% of patient ulcers treated with standard wound management therapy. No oxygen reperfusion damage was noted. The group also demonstrated that the topical HBO-treated ulcers had an increase in angiogenesis in the wound bed.
One appealing method for oxygen treatment is topical delivery. Many different topical oxygen delivery systems have been attempted for wound healing, but unfortunately most of these therapies have yielded poor results. One of the major criticisms of topical oxygen therapies is the inadequate delivery of oxygen deep into the skin to provide fibroblasts, keratinocytes, and inflammatory cells increased oxygen required for repair. Recent advancements have allowed the creation of a hyperoxygenated emulsion for topical delivery of oxygen to wounds. Unpublished ex vivo assays performed by our group determined that our hyperoxygenated emulsion consistently increased subcutaneous oxygen tension when compared with vehicle and phosphate-buffered solution. The treated viable tissue also demonstrated an initial peak in PO 2 levels with a decrease over time. Treated nonviable tissue results show an increase in PO 2 levels without the decrease over time. This suggests that the cells in the viable tissue may be using the supplied oxygen from the topical emulsion in metabolic pathways. Once we established that the vehicle was able to carry the oxygen deep into skin, we set out to study this TOE on wounds. The fact that the vehicle also enhanced the rate of epithelialization in the porcine wound models is not surprising because it has previously been shown that vehicles are not inert and can either adversely or beneficially affect the healing process. 36 In both of these studies (burns and acute partial-thickness wounds), we found the TOE to have a significant effect over vehicle alone.
Interestingly, the use of a TOE not only stimulated epithelialization of ischemic second-degree burns but also of well-vascularized acute wounds. Using the same porcine models, we have also evaluated possible mechanisms of topical oxygen and found an up-regulation of vascular endothelial growth factor, collagens I and III, and matrix metalloproteinase levels after treatment with the TOE. These findings will be the subject of a subsequent article that will document possible mechanisms of this therapy. Although hypoxia and hypoxemia have been shown to influence either keratinocyte proliferation or differentiation and collagen synthesis in vitro. 28, 37, 38 These studies simply suggest that an external factor, such as low oxygen levels, which may be present during tissue repair, can influence various specific cellular processes. Purposefully in- a Data are given as number of wounds completely epithelialized/total number of wounds assessed (percentage). On days 4 and 5, P Ͻ .001 for the active group vs the vehicle and untreated groups; on day 5, P Ͻ.001 for the vehicle group vs the untreated group; on day 6, P Ͻ .001 for the active group vs the vehicle and untreated groups and for the vehicle group vs the untreated group; and on day 7, P Ͻ .001 for the active and vehicle groups vs the untreated group. a Data are given as number of burns completely epithelialized/total number of wounds assessed (percentage). On days 7 and 8, P Ͻ .001 for the active group vs the vehicle and untreated groups; on day 9, PϽ.02 for the active group vs the vehicle group and P Ͻ .001 for the active group vs the untreated group; on days 10 and 11, P Ͻ .001 for the active and vehicle groups vs the untreated group; and on day 12, PϽ .01 for the active and vehicle groups vs the untreated group.
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The results obtained from this double-blind, control, in vivo study demonstrate that the TOE can significantly enhance epithelialization of partial-thickness acute wounds and second-degree burns. We believe that the oxygen supplied by the emulsion to the wound environment directly promotes cellular repair and the local immune response to speed wound healing. Our findings may have important clinical implications for patients with wounds by providing functional skin at an earlier date to act as a barrier against environmental factors, such as water loss and bacteria invasion. Other types of wounds may also benefit from this therapy (eg, ischemic and chronic wounds), and more studies, including clinical studies, are warranted.
